[1] Samples were collected from hydrothermal plumes along the East Pacific Rise (EPR) from 28°to 32°S during the Ridge Axis Plume and Neotectonic Unified Investigation (RAPANUI) cruise (5 March to 12 April 1998). Forty-five vertical casts and tow-yos were conducted: 3 off axis and 42 over the axes of two overlapping propagating ridges, the West and East ridges. These ridges are composed of several nontransform offset ridge segments. Spreading rates range from 149 mm/yr in the segment interiors to 0 mm/yr at the propagating rifts. These maximum spreading rates are considered the fastest on the mid-ocean ridge system and affect the structure of the ridge. Segment-averaged methane plume maxima ranged from 1.7 to 7.2 nM. Mean methane concentrations on the West Ridge were nearly double those of the East Ridge. Westwardly advecting hydrothermal methane persisted to our most distal station, nearly 480 km west of the East Pacific Rise. Background concentrations were less than 1 nM. The highest methane concentration measured was 50 nM in a buoyant plume. Methane did not covary with manganese or any other hydrothermal tracer in plumes over portions of a segment that exhibited recent magmatic activity, possibly as a result of the hydrothermal system's recovery from a phase separation event. In contrast, methane/manganese ratios on the other segments ranged from 0.077 to 0.091. Methane d
Introduction
[2] A variety of chemical and physical tracers are required for the use of water column surveys to understand ridge crest processes. Methane is one of the most dynamic and informative chemical tracers because it has several possible sources and sinks. Magmatic methane can be directly outgassed from a magmatic melt into hydrothermal fluids or it can become trapped in fluid inclusions in solidifying rock and then liberated by later contact with hydrothermal fluid; another source of hydrothermal methane is from the thermogenic reduction of either organic hydrocarbons in regions of high sedimentary material, or inorganic carbon (typically CO 2 in seawater) [Welhan, 1988; Kelley and Fruh-Green, 1996] . Along poorly sedimented mid-ocean ridges, the conventional model of thermogenic reduction is of CO 2 reduction by hydrogen primarily generated from the oxidation of ferrous to ferric iron and in the presence of certain catalyzing metal alloys. The CO 2 can be reduced to methane either while trapped in fluid inclusions or directly within the hydrothermal fluid. The main source of hydrogen to reduce the CO 2 at fast spreading ridges is from the oxidation of ferrous iron in basalt; another hydrogen source is from the serpentinization of iron-bearing ultramafic minerals, such as that occurring along slow spreading ridges Welhan and Craig, 1983; Charlou et al., 1991; Charlou and Donval, 1993; Yoshida et al., 1993; Berndt et al., 1996; Horita and Berndt, 1999] .
[3] At present, there is little evidence elucidating whether microbially produced methane, common in regions of high sediment and organic carbon content, is important in unse-dimented hydrothermal systems [Baross et al., 1982; Lilley et al., 1982; Welhan and Craig, 1983; Welhan, 1988; Lilley et al., 1993] .
[4] Methane is also a useful indicator of hydrothermal activity because methane analyses can be conducted rapidly, economically, and reliably while at sea. Furthermore, methane concentrations in a vent fluid are typically 10 5 -10 7 times enriched over background concentrations [Welhan and Craig, 1983; Von Damm, 1990; DeAngelis et al., 1993] , and when diluted 10 4 -10 5 times with ambient seawater [Lupton et al., 1985] by entrainment into a plume, are still enriched 10 to 1000 times over background. While dilution of methane-rich hydrothermal fluid continues with time in a hydrothermal plume, methane concentrations can also be diminished by microbial oxidation [e.g., Sansone and Martens, 1978; Coleman et al., 1981; DeAngelis et al., 1993] . It has been demonstrated, however, that there is no direct correlation between the methane concentrations and the specific oxidation rates within hydrothermal plumes; apparently, other factors control the rate of methane oxidation, and these are still poorly understood [Sansone and Martens, 1978; DeAngelis et al., 1993] . Methane in hydrothermal plumes has been estimated to have a mean residence time of 11 days [Kadko et al., 1990 ] to 17 days [DeAngelis et al., 1993] . Thus the ratio of methane with a more conservative species, such as dissolved manganese, with a residence time of several months to a year [Cowen et al., 1990] , or a fully conservative species such as 3 He [Lupton, 1998 ], can also be used to provide information about the age of a plume.
[5] Comparing the ratios of methane to other hydrothermal tracers is a powerful method for determining sourcedependent and temporal differences among hydrothermal sources. For example, Charlou et al. [1991] proposed that the ratio of methane to manganese can be indicative of three different hydrothermal regimes on the seafloor. The differences in venting characteristics that can affect the CH 4 /Mn ratio are (1) variations in the temperature and pressure conditions in which the hydrothermal reactions occur, including possible phase separation; (2) variations in the geology of the region in which the seawater-rock interactions take place; and (3) variations in the fashion of discharge from the vent (i.e., diffuse venting, higher temperature ''black smoker'' venting, or cataclysmic ''megaplume'' venting) [Charlou et al., 1991] .
[6] In addition to the relationship between methane and other hydrothermal tracers, the isotopic composition (d 13 C) of methane can be used to identify hydrothermal processes affecting methane distributions in hydrothermal areas. The range of d
13 C values in methane from hydrothermal vents is typically from as heavy as À15% to as light as À50% or lighter, relative to the Peedee belemnite (PDB) standard [Welhan, 1988] . Some studies have shown that unsedimented mid-ocean ridges produce heavy d 13 C signatures; for example, vents at 21°N on the East Pacific Rise had a signature ranging from À18 to À15% [Welhan, 1988] and À24 to À22% in fluid end-members between 17°S and 19°S [Charlou et al., 1996] . This is comparable to typical d
13
C values believed to be from unsedimented abiogenic methane such as À17 to À15% from the Izu-Bonin arc [Tsunogai et al., 2000] . Some heavier values are also reported, such as À8.6% from the Rodriguez Triple Junction in the Indian Ocean [Gamo et al., 2001] , from À10 to À16% from the Grimsey hydrothermal field near Iceland [Riedel et al., 2001] , and from À6.9 to À13% from the TAG site on the Mid-Atlantic Ridge (MAR) [Charlou et al., 1996] . Methane that has organic-rich sediment as its source is isotopically lighter than inorganic methane because of the very high fractionation that occurs during microbially mediated methanogenesis. A recent study has experimentally produced abiogenic hydrothermal methane with d 13 C values as light as À50%, suggesting that some abiogenic methane may overlap the light values typically expected for microbial production, but the microbial values do not tend to be heavier than À50% [Horita and Berndt, 1999] .
[7] Along the mid-ocean ridge system, it appears that there are direct relationships among the spreading rate, the magmatic budget, the axial heat flux, and the coverage of a ridge axis by hydrothermal plumes [Baker et al., 1996] . As spreading rate increases, so does the rate of heat input per unit length along the ridge axis and the frequency of hydrothermal activity. In theory, the faster the spreading, the higher the rate of heat input per unit length along the ridge axis. Furthermore, differences in plate boundary conditions, specifically the replacement of transform faults with propagating rifts and microplates, occur at some qualitative transition between ''fast'' (less than 136 mm/yr) and ''superfast'' (greater than 142 mm/yr) spreading ridges [Lonsdale, 1977; Hey et al., 2004] . Hydrothermal systems associated with transform faults are often influenced by mantle rocks. This is most apparent at ''slow'' spreading ridges (spreading rates of less than 55 mm/yr but greater than 20 mm/yr, the latter being considered ''ultraslow'' [Dick et al., 2003; Baker et al., 2004] ) where several hydrothermal sites vent fluids that have had considerable interaction with ultramafic mantle rocks. The CH 4 /Mn ratios of these fluids tend to be quite sensitive of this interaction [Charlou et al., 1991] , consequently there is a relationship between the methane chemistry and the spreading rate between slow spreading and fast spreading mid-ocean ridges, as a result of increased ultramafic rock interaction.
Field Site
[8] The samples reported here were collected on the Ridge Axis Plume and Neotectonic Unified Investigation (RAPANUI) cruise, which took place on the R/V Melville from 5 March to 12 April 1998. The research conducted was multidisciplinary, with both geophysical and water column geochemical surveys. The field site for this study, a section of the East Pacific Rise (EPR) between 28 and 32°S, is located between the Easter and Juan Fernandez microplates and contains the largest known pair of overlapping propagating ridges [Hey et al., 2004] (Figure 1 ). These propagating ridges strike roughly north-south, with a separation of approximately 120 km. They are the shallowest of any section along the East Pacific Rise [Hey et al., 1995; and references therein] , implying a vigorous magma supply [Macdonald and Fox, 1988] . These propagating ridges are termed the West and East ridges and are further subdivided into nontransform offset segments, six of which were studied during this cruise: W3, W4, E1, E2, E3, and E4.
[9] The full spreading rate is up to $149 mm/yr near 31°S on the East Ridge, as measured by magnetic anoma-lies, which is the fastest spreading rate yet reported for any ridge system [Martinez et al., 1997] . Segment W3 has both the most inflation and the greatest cross-sectional area of the six segments [Martinez et al., 1997] , followed by segment E4 (F. Martinez, personal communication, 1999) ; the segments closest to the propagating tips are the least inflated. The rapid spreading and the inflated axial magma chamber imply a high rate of magma activity, which in turn implies a vigorous hydrothermal system [Macdonald and Fox, 1988] . In addition, differences in plate boundary conditions, such as the substitution of transform faults by propagating rifts and microplates, have been recognized between fast and superfast spreading ridges.
Methods
[10] Seawater samples were taken by either of two methods: vertical casts, in which the water sampler rosette was lowered into the water column and then raised at one location, and tow-yos, in which the rosette was continually raised and lowered vertically in the water column as the ship moved . A total of 45 casts were taken; 35 were vertical casts and 10 were tow-yos (Figure 1) .
[11] Once the rosette was brought onboard, samples were collected in 250-mL glass serum bottles, preserved with 0.5 mL of saturated mercuric chloride solution, and sealed with grey butyl rubber septa secured with aluminum crimp seals. Shipboard methane analyses were conducted less than 24 hr after sample collection.
[12] Methane analyses used during the RAPANUI cruise used a modification of the method of Brooks et al. [1981] . The cold trap, which consisted of a 145 cm long column of Porapak QS, was submerged in ethanol that was cooled to around À60°C by a portable cooler. Optimized parameters for stripping the gases from a seawater sample involve 8 min of stripping at a temperature of À195°C and at a flow rate of over 100 mL/min. However, with a less efficient cold trap at À60°C, stripping lasted for 5 min at a flow rate of 35 mL/ min, otherwise the sample would pass through the cold trap. Shore-based laboratory experiments comparing the field method to the Brooks et al. [1981] method determined the field method to have an extraction efficiency of 67%, and shipboard results were appropriately adjusted. Error attributable to the shipboard methane analysis was calculated at 2% from the variations in the values given for standards, but a combined analytical and sampling error of about 8% was calculated from replicate samples [Gharib, 2000] .
Shore-based isotopic analyses were performed at the University of Hawaii using an isotope-ratio-monitoring gas chromatography/mass spectrometry technique with a precision of less than 0.8% for replicate samples [Sansone et al., 1997] . [13] Manganese concentrations were measured using shipboard flow injection analysis [Resing and Mottl, 1992] . DQ and light backscatter data were acquired during shipboard CTD casts and tows [Baker et al., 2002] .
3 He samples were collected in copper tubing, and later extracted and analyzed by mass spectrometry [Young and Lupton, 1983] .
Results
[14] A total of over 500 samples were analyzed for methane from the tow-yos and vertical casts and were plotted as a function of latitude (Figures 2 and 3) . A continuous signal for a hydrothermal methane plume extended over the entire length of both ridges, except for the southernmost samples over the West Ridge, and the northernmost samples over the East Ridge, where the methane concentrations were the lowest. These are the regions that are closest to the propagating tips of each ridge, and therefore the least inflated. The vertical and horizontal extents of the plumes, including the depth of the plume maximum or presence of multiple maxima, were defined well by the methane concentration profiles.
[15] There was evidence for multiple methane maxima in casts V3, V9, V27, V31 (Figure 3 ). Two mechanisms have been proposed for the formation of a plume with more than one maximum. The first is the overlap of laterally spreading hydrothermal plumes from different sources; these plumes have either slightly different densities or slightly different chemical signatures, or some combination thereof McDuff, 1995] . This mechanism is exacerbated in regions of high topography; for example plume dispersion is strongly controlled by some of the high-relief axial valleys of the Rainbow vent site on the Mid-Atlantic Ridge ]. The second mechanism is what Speer and Rona [1989] refer to as ''turbulent fields within plumes'', which contain background seawater that has either been trapped in the rising plume or influenced by the action of currents and has not yet fully mixed with the hydrothermal fluid [Speer and Rona, 1989; McDougall, 1990; McDuff, 1995] .
[16] The presence of bottom plumes of methane were observed in several casts, for example, V2, V3, V12, V13 ( Figure 3) . A bottom plume forms as the methane concentration increases toward the seafloor, rather than forming a maximum in the overlying water column. Because the vertical casts typically extended to within 10 to 20 m of the seafloor, this type of methane maximum was observed directly above the seafloor and probably resulted from diffuse venting of low-temperature methane-rich fluids [e.g., McDougall, 1990; Lilley et al., 1991; Rona and Trivett, 1992] . The presumed lower temperatures and therefore lower buoyancies of this style of venting might preclude upward advection through the water column to the primary plume.
[17] An off-axis cast, V33, was taken approximately 80 km to the west of the East Ridge and 100 km south of the West Ridge. A hydrothermal plume methane signal at a similar depth to the signals over the ridges was still measurable even at this distance, indicating westward and/or southward current flow. There also was a detectable hydrothermal methane signal in the background cast, V34, which was approximately 480 km to the west of the ridge (Figure 3) .
[18] Segment-averaged methane concentrations were calculated using values from both vertical cast maxima and from tow-yo samples, on the assumption that the latter were predominantly collected within the neutrally buoyant plume. Plume maxima averaged 5.4 nM on segment W3 and 7.2 nM on segment W4. The four eastern segments, E1, E2, E3, and E4, averaged 3.2, 1.7, 3.9, and 3.7 nM, respectively (Figure 4) . These values represent averages of the maximum (or near maximum) measured concentrations in the plume for each particular segment. Not all of the towyos encountered a vigorous plume, though, so these averages are approximate. Methane concentrations were considerably different between the two propagating spreading centers. The average maximum concentration in the plumes along the west propagator was 6.0 nM, almost twice the average in the east, 3.4 nM.
[19] The measured methane stable carbon isotopic ratios (d 13 C-CH 4 ) generally ranged from À27% to À35%, with the heaviest value being À24.5%. These data are shown in Table 1 , in addition to corresponding depth, methane concentration, temperature anomaly, 3 He concentration, and backscatter. The isotopic signature on the West Ridge was slightly lighter than that of the East Ridge.
Discussion

Methane Concentrations
[20] The average maximum methane concentrations from the two segments on the West Ridge of this study area were both much higher than the average maximum methane concentrations from the segments on the East Ridge (segments W3 and W4 were 5.4 nM and 7.2 nM; segments E1-E4 were 3.2, 1.7, 3.9, and 3.7 nM, respectively) ( Figure 4) . However, because off-axis sampling indicated that the middepth currents are flowing westward, there may be some contamination of the plume over the northern portion of segment W4, the location of casts V8 and V9, by westwardly advecting plume water from segment W3.
[21] A measurable hydrothermal methane signal in the water column as far as 80 km from the ridge axis (cast V33), and a detectable signal in the background cast approximately 480 km from the ridge axis (cast V34) was observed (Figures 1 and 3) . Methane, with a residence time of approximately two weeks [DeAngelis et al., 1993; Kadko et al., 1990] , is considered to be one of the shorter-lived hydrothermal tracers. Advection of hydrothermal methane to such great distances from a source has not been previously reported [Winn et al., 1986; Rosenburg et al., 1988; Winn et al., 1995] . The 28-32°S data suggest that hydrothermal methane might persist to greater distances than previously thought, especially when the concentration drops below some threshold level making it an inefficient energy source for a microbial community, and the role hydrothermal methane plays in the oceanic methane reservoir might be more influential than previously considered.
[22] Hey et al. [2004] and Baker et al. [2002] noted that the intensity of hydrothermal venting correlated positively with high axial inflation and, in contrast, Hey et al. [2004] determined that major plume concentrations on these segments were usually found where fracture and fissure density were relatively low. This implies that the hydrothermal activity is more strongly controlled by the heat supply than by crustal permeability. The methane data presented here agree with this trend (Figure 2 ) in that the highest methane concentrations were found over the more inflated portions of the ridge.
[23] The segment-averaged maximum plume methane concentrations from 28°S to 32°S are compared in Figure 4 with each other and with published concentrations of methane from other chronic hydrothermal plumes located along the East Pacific Rise. The values are generally within a factor of two of each other, except for the 9 -10°N and the 16-19°S systems, which are discussed below. This lack of variation between plume methane concentrations and spreading rates suggests that the regional spreading rate (i.e., fast versus superfast spreading) has no significant systematic effect on the methane concentrations in plumes over the EPR.
[24] Our measured concentrations are considerably lower than those observed by Mottl et al. [1995] at 9-10°N on the EPR, where methane levels reached 90 nM. They attribute the elevated methane to recent volcanic activity and phase separation of the hydrothermal fluid [Mottl et al., 1995] . Elevated methane concentrations attributed to recent volcanism were also observed at 16 -19°S EPR, although these concentrations were lower than at 9 -10°N [Charlou et al., 1996; Ishibashi et al., 1997] . This implies that the 28-32°S system was predominantly undergoing steady state hydrothermal activity during this study, without the elevated methane concentrations engendered by the recent volcanic perturbations that affected these other sites.
[25] Although higher methane concentrations than those found on the EPR have been observed at several sites (Table 2 ), these locations typically have different means of methane production. At the Endeavour Segment along the Juan de Fuca Ridge, and in the Manus and Fiji Basins, microbial methanogenesis of buried sedimentary material produces methane-rich plumes; at sites along the MidAtlantic Ridge, serpentinization reactions produce elevated methane [Mottl et al., 1995; Ishibashi et al., 1997 , and references therein].
Covariation of Methane With Other Hydrothermal Tracers
[26] Source-dependent differences among the plumes are more easily identified by comparing methane to other hydrothermal tracers. In the following section we use a slope of a model I (least squares) linear regression between methane and the other tracers to calculate the ratio between the two tracers. This facilitates comparisons with published data using the same procedure, rather than the model II linear regression, which is more appropriate for two independent variables [Laws, 1997] .
CH 4 /Mn
[27] The data plotted in Figure 5 are all of the RAPANUI plume methane concentrations from on-axis casts versus the corresponding manganese concentrations. All samples were used, instead of only the cast maxima, on the assumption that the methane and manganese encountered equal dilution with ambient seawater and that this should not affect their concentration ratio. There are not many axial grabens or axial summit collapse structures [Hey et al., 2004] that might impair off-axis dispersion of the hydrothermal plume, and the extent to which the hydrothermal signal was detectable, to over 480 km, implies strong off-axis advection. These observations support the assumption that these samples from on-axis casts are close to near-zero age. The relative consistency of the d 13 C values further supports this assumption. Also, the depth of the methane maximum in an individual cast tended to be coincident with the depth of the manganese maximum, except for some of the cases where the methane maximum was determined to be a bottom plume (data not shown). The removal or inclusion of the casts with sizable bottom plumes was found to not significantly affect the CH 4 /Mn ratios for each segment.
[28] The slopes for segments W4 and E1-E4 were all statistically similar, ranging from 0.077 to 0.091. These are comparable to ratios from elsewhere on the EPR, which range from 0.05 to 0.2, and are close to the 0.1 to 1 range that Mottl et al. [1995] call ''typical'' for CH 4 /Mn ratios. One segment, W3, was different from the other five segments and did not have increasing methane with increasing manganese. Possible reasons for the lack of correlation between the methane and manganese on segment W3 will be discussed later. Figure 6 is a comparison between the 28-32°S data and other published EPR CH 4 /Mn ratios. As stated previously, 9°N and 16 -18°S experienced recent volcanic activity before sampling and the CH 4 /Mn ratios reached as high 10.5 and 3.9, respectively. The highest CH 4 / Mn ratios are predominantly functions of microbial methanogenesis, the presence of ultramafic host rock, and phase separations.
[29] Colonies of bacteria inhabiting hydrothermal vents and the shallow subsurface of hydrothermal systems have been inferred from high concentrations of ATP entrained in venting water [Winn et al., 1986] . Hydrothermal methane resulting from bacterial activity is especially common in regions of high organic carbon, such as heavily sedimented hydrothermal systems. Methanogenesis has been proposed to occur on the Endeavour Segment of the Juan de Fuca Ridge but may be fueled by possible nearby organic material rather than inorganic carbon.
[30] Hydrothermal systems that are influenced by the presence of ultramafic mantle rocks produce fluids with lower Mn concentrations than fluids produced by basaltseawater interactions. CH 4 /Mn ratios in regions such as the Mid-Atlantic Ridge can have a large range of values. This range reflects the relative inputs of ''typical'' CH 4 /Mn ratios generated by a basalt-seawater hydrothermal component, such as from the TAG and MAR at Kane (MARK) areas, versus high CH 4 /Mn ratios generated by an ultramafic seawater hydrothermal component, such as at 15°N [Charlou et al., 1991; Charlou and Donval, 1993] . Hydrothermal systems with ultramafic influences are typically found in slow spreading ridges where a significant component of mantle rock is exposed to hydrothermal seawater along the spreading ridge.
[31] Faster spreading ridge systems, such as those found in the EPR, tend to be both relatively unsedimented and also contain fewer exposures of ultramafic material. Consequently, high CH 4 /Mn ratios are less likely to be influenced by these two factors. Instead, the greatest methane concentrations and CH 4 /Mn ratios measured along the EPR were generated through phase separations (e.g., 9°N and 16-18°S EPR) [Mottl et al., 1995; Ishibashi et al., 1997] .
CH 4 / /#0
[32] DQ is the hydrothermal temperature anomaly in the water column . Both DQ (data not shown) and methane had coincident maxima relative to depth [Baker et al., 2002] . Segments W3 and E1 were the only segments where methane and DQ did not correlate. Segment E1 had a cluster of values with no linear trend; segment W3 had increasing DQ values with no increase in methane (Figure 7) .
[33] The volatile-to-temperature-anomaly ratio in a hydrothermal plume is another indication of magmatic perturbation in the ridge segment producing the plume, along with the volatile-to-metal ratio [Mottl et al., 1995] . On the East Ridge, the CH 4 /DQ ratio increased with increasing distance from the propagating tip, suggesting that the methane source was more robust toward the more inflated and magmatically active interiors of the segments. The lack of covariation between CH 4 and DQ at segment W3 resembles the CH 4 and Mn behavior at segment W3, again indicating that the methane plume chemistry at this segment is behaving differently than at the other segments. 5.2.3. CH 4 / /Backscatter [34] A nephelometer measures the backscatter of light in the water column, and is therefore a measure of the suspended particle mass concentration in the water. When buoyant plume samples are disregarded, methane covaried well with suspended particle density at our study site on all segments except segment W3 (Figure 8 ). W3 had a lightscattering intensity that was more than double most of the other segments, suggesting vigorous venting of particulate material on that segment, but without any systematic increase in methane. This behavior is similar to the alongaxis trend observed at 17.5 -18.6°S EPR where recent magmatic activity was assumed to have occurred [Ishibashi et al., 1997; Baker et al., 2002] . 5.2.4. CH 4 / /He [35] Helium was measured on 28 of the collected plume samples. Although the data are sparse, the values for methane and helium show three populations (Figure 9) . The values from segment W4 and the East segments both covary well, although segment W4 is much steeper because of higher methane concentrations. The third population is from segment W3, and those data are scattered, showing no relation. Unfortunately the segment W3 samples with higher methane concentration do not have corresponding helium measurements for comparison.
[36] Kelley et al.
[1998] observed a considerable enrichment of He over an eruption site on the Gorda Ridge that was not reflected in the methane at that depth. This was attributed to continued degassing of helium from an aging lava flow, which as it cooled was decreasing its methane production from high-temperature water-rock interactions. These Gorda Ridge data demonstrate the sensitivity of the CH 4 / 3 He ratio to recent magmatic perturbations. Despite the limited number of CH 4 / 3 He ratios from segment W3, Figure 9 clearly shows segment W3 to have the greatest increase in 3 He relative to CH 4 of any segment in this study site, suggesting recent magmatic activity at W3.
Methane Stable Isotopes
[37] Conservative methane mixing curves between a hydrothermal end-member and the background seawater are shown in Figure 10 using the methods described by Spiker [1980] and Sansone et al. [1999] . Except for a single outlier, the range in the East Ridge data is from À34.6 to À27.4%, and the range in the West Ridge data is from À34.7 to À29.0%. In theory, field data deviating from these lines represent deviations from conservative behavior caused by either production or removal of methane. Unfortunately, no true end-member was available because the hydrothermal vents were not sampled, so plume samples with the highest concentrations of the mixing parameter ( 3 He concentration or DQ) were used as surrogate endmembers (Table 1 ). The interpretations of these mixing curves are that both ridges have observed isotopic values that are scattered and below the calculated mixing curves, indicating lighter isotopic signatures than predicted.
[38] Observed data deviating from the calculated conservative behavior indicate either production or removal of methane. Nonconservative behavior in the plumes is likely removal of methane by methanotrophic oxidizers in the plume with time, although some methanogens might be present as well, as it has been inferred that microorganisms inhabiting the shallow subsurface of a hydrothermal system may get entrained in venting water [Winn et al., 1986; DeAngelis et al., 1993] and microbial methanogenesis typically produces lighter methane than other sources [Welhan, 1988] . However, it seems unlikely that a microbial community of methanogens would be able to proliferate in the predominantly oxidizing conditions of a plume.
[39] In addition to deviations from the calculated conservative behavior indicating production or removal of methane, there is also the possibility that this scatter results from a range in the source material. Differences in the isotopic signatures of these sources become integrated into the hydrothermal plume. These data are from different casts, some with hundreds of kilometers of separation between them. These isotopic differences can be caused by varying degrees of methanogenesis and methanotrophy in the deep biosphere of the ridge [e.g., Shanks et al., 1995] , and/or different lithologies influencing and catalyzing the abiogenic production of methane [e.g., Horita and Berndt, 1999] , and/or other processes, such as phase separation, that segregate hydrothermal fluids into different point sources with distinct characters [e.g., Bowers et al., 1988] . These processes lead to inhomogeneities within the plume; the conservative mixing curve calculation is based upon a simple two end-member model and therefore does not take these inhomogeneities into account.
[40] As mentioned above, microbial methane oxidation preferentially removes isotopically light methane, leaving heavier methane with more positive d al., 1981] of 1.0064, 1.0052, and 1.0040 were calculated. These values are similar to the 1.0042 -1.025 range for microbial oxidation obtained empirically from previously studies [Coleman et al., 1981; Sansone et al., 1999; Cowen et al., 2002, and references therein] , suggesting that the observed loss of methane in the distal plume is a result of microbial oxidation. Winn et al. [1995] and DeAngelis et al.
[1993] also identified microbial activity in distal plumes, with maximum biomass and oxidation rates at some distance from the ridge axis. The other plume samples in our study, from over the ridge axes, were near zero age and were mainly affected by dilution instead of oxidation, and therefore plotted close to the conservative mixing lines (Figure 10 ).
Effects of Recent Magmatic Activity on Segment W3
[41] Segment W3 is the most inflated segment of the study area [Martinez et al., 1997] and is bathymetrically the shallowest. This inflation of segment W3 relative to the other segments is a likely indicator of recent magma movement or dike injection [Macdonald and Fox, 1988] . More evidence from this region for recent magmatic activity are the interpretations of the backscatter images collected by the Woods Hole Oceanographic Institution DSL-120 kHz high-resolution side-scan sonar during the RAPANUI cruise and the observed nephelometry measurements. Regions interpreted as very low viscosity sheet lava flows are present at the tips of fissures along the ridge on segment W3 and in the northern portion of segment W4 but not the southern portion of segment W4 (the northern portion of segment W4 is similar in latitude to the southern portion of segment W3) [Kleinrock et al., 1998 ]. These backscatter images are interpreted as very smooth, unsedimented seafloor surfaces, implying a very young age for these sheet flows. Furthermore, the average nephelometry signal measured along segment W3 was more than double that of most of the other segments. Baker et al. [2001] observed that abnormally high light scattering can occur in regions of recent volcanic activity as a result of high levels of particulate sulfur and microbial material discharged into the water column.
[42] The increased heat flux from a volcanic event or dike injection segregates hydrothermal fluid into more buoyant chloride-poor, volatile-rich fluid and less buoyant chloriderich, metal-rich brine [Butterfield et al., 1997] . The more buoyant volatile-rich fluid is vented first, while the brine is initially retained near the heat source. The volatile-rich fluid vents quickly, and the transition to the brine phase is believed to be on the order of months to years after the initial event [Mottl et al., 1995; Urabe et al., 1995; Butterfield et al., 1997] .
[43] For example, the high methane concentrations and methane-to-manganese ratios observed at 9°N EPR were likely the result of the venting of a volatile-rich phase following the volcanic event of seven months earlier [Lilley et al., 1991 [Lilley et al., , 1992 Mottl et al., 1995; M. Berndt, personal communication, 1998 ]. The same evolution in the hydrothermal chemistry was also observed at Loihi Seamount following the 1996 seismic event, where initial venting of chloride-poor and volatile-rich fluid was followed by an increase in chlorinity and metals, and a decrease in volatiles [Sansone et al., 1998 ]. The variability in the CH 4 /Mn molar ratios along 16-18°S EPR was also attributed to recent magmatic heat injections [Charlou et al., 1996; Ishibashi et al., 1997] .
[44] Baker et al. [2002] identified three sites of likely recent magmatic activity in the 28 -32°S EPR system. Two are sites of small but intense plumes on the East Ridge; the third is segment W3. In addition to the anomalous behavior of methane, Baker et al. [2002] identify unusually high particulate sulfur to particulate metal ratios and DpH values at segment W3 as evidence for recent magmatism.
[45] The plume signature of segment W3 was interesting in that it had some of the highest average maximum concentrations of methane, manganese, and light backscattering. The methane did not covary with any of these, whether bottom plumes were present or not, and the isotopic data showed that this lack of covariance was not a result of methane oxidation. The poor relation between the methane and helium was also notable; on the Gorda Ridge this was interpreted to result from the cooling of a recent lava flow [Kelley et al., 1998 ]. This, coupled with the other aforementioned evidence for recent magmatic activity at this segment, suggests that the anomalous behavior of methane can be explained as the recovery from recent magmatic activity.
[46] Hydrothermal plumes integrate the fluids from many vents, and these vents may produce fluids with a wide range of compositions. These compositional variations can result from different degrees of perturbation as well as from differences in rates of recovery from events (e.g., phase separation events), generating a range of metal-rich fluids, volatile-rich fluids, and fluids with varying amounts of suspended particles. The mixing, in the hydrothermal plumes, of these different fluids would preclude any covariation between the methane and the various tracers.
Conclusions
[47] The East Pacific Rise at 28 -32°S is among the Earth's fastest spreading mid-ocean ridge segments, and the extensive hydrothermal plume coverage of this ridge suggests robust hydrothermal venting. However, the segment-averaged maximum methane concentrations and The solid line indicates the calculated conservative mixing lines for dilution between a hydrothermal plume end-member and a background seawater end-member, that is, the behavior if conservative mixing were the only removal mechanism of methane from the plume system. Most points are distributed close to this line. The scatter likely results from errors in the use of surrogate end-member values and/or methanotrophy/methanogenesis. The triangles are samples of background seawater, the diamonds are the plume samples, and the crosses are the samples from the older distal hydrothermal plume, taken off axis. There is obvious oxidation that has created a heavy signal of these older hydrothermal samples, in comparison with the light signal of the background samples. methane/manganese ratios were not indicative of any differences as a result of the superfast spreading conditions and the lack of transform faults between the segments. The average maximum methane concentrations in the various plumes were comparable to published values from other locations along the East Pacific Rise. The methane concentrations did vary on a local scale at 28-32°S, and the two segments on the West Ridge had nearly double the average plume maximum concentration of the East Ridge. The methane/manganese ratios showed that segment W4 on the West Ridge and the segments on the East Ridge were roughly comparable to those observed at other slower spreading locations along the EPR. These methane/manganese ratios would be classified as ''typical'' according to Mottl et al. [1995] . In contrast, the methane did not covary with manganese or any other plume tracer on segment W3 on the West Ridge.
[48] The persistence of the westwardly advecting hydrothermal methane signal in the off-axis and background casts illustrates the influence that the advection of hydrothermal methane can have on methane levels far off axis or downfield.
[49] Microbial oxidation was occurring in the hydrothermal plumes, as shown by the isotopic data from the older, off-axis samples (cast V33), but the isotopic mixing curves showed oxidation to be an insignificant removal mechanism compared to the dilution by ambient seawater for the samples taken from younger plumes over the ridge, suggesting that there is little microbial oxidation occurring in the plumbing of these hydrothermal systems prior to venting.
[50] Microbial oxidation does not seem to be a good explanation for the lack of covariation of methane with the other tracers in the plume over segment W3; instead, mixing of different methane-bearing fluids, possibly the result of phase separation, is proposed. The inflation of segment W3, the images interpreted as recent lava flows, the high light backscattering, and an overall high methane concentration but poor covariance of the methane with other tracers all suggest recent magma injections along this segment. Thus the mixture of fluids from individual vents that are recovering from such a perturbation would preclude any ''typical'' or ''steady state'' methane behavior. Apart from conditions on W3, the concentration ratio of methane to other plume tracers along these superfast spreading segments is comparable to that found at other steady state hydrothermal systems along the EPR.
